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(54) Method for manufacturing an angular rate sensor 



(57) A method of manufacturing an angular-rate 
sensor (1) by fabricating components of the angular- 
rate sensor on a silicon substrate (3), the components 
of the angular rate sensor (1) including one or more 
masses (20), a support beam and buried conductors 
(7). Detection means (21) are provided and the compo- 



nents are sealed in a cavity between a first glass plate 
(18) and a second glass plate (19) by anodic bonding. 
This enables angular rate sensors to be fabricated 
using low cost silicon wafers. 




Figure 15- Schematic cross section after process step 14, along line AB shown in figure 1 . 
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Description 

[0001] This invention relates to angular rate sen- 
sors and, more particularly, to a method of manufactur- 
ing an angular rate sensor. 5 
[0002] There is a considerable need for angular rate 
sensors for a variety of electronic measuring systems. 
For example, safety systems in cars for preventing inju- 
ries during roll-over or skidding systems require devices 
for determining the rate of change of axial alignment of 10 
the vehicle. Current sensors providing appropriate sig- 
nals for such systems are expensive to manufacture as 
they require complex designs and corresponding 
expensive production technology. 

[0003] Some prior art devices employ electrostatic is 
excitation of an element and the detection of a capaci- 
tance change movement of the element induced by the 
Coriolis effect. These devices have generally been 
made using silicon-on-insulator wafers or poly-silicon. 
The limitations of such arrangements are that their sili- 20 
con wafers are extremely costly, or that poly-silicon 
devices are of poor manufacturing quality having non- 
uniform characteristics and built-in stresses that can 
cause unintended characteristics to occur, particularly 
in any sprung elements. 2 s 
[0004] The present invention is directed towards 
overcoming some of the problems, both in terms of cost 
and manufacturing simplicity, of the prior art. 
[0005] According to the present invention there is 
provided a method of manufacturing an angular-rate 30 
sensor comprising the steps of: 

fabricating components of the angular-rate sensor 
on a silicon substrate, the components including 
one or more masses, a support beam and buried 35 
conductors; 

providing detection means; and 
sealing the components in a cavity between a first 
glass plate and a second glass plate by anodic 
bonding. ^ 

[0006] The invention therefore makes it possible to 
fabricate angular rate sensors using low cost silicon 
wafers. 

[0007] Preferably, the detection means are elec- 4s 
trodes formed by metal deposition on the first glass 
plate. 

[0008] Preferably, the masses, beam and substrate 
are in substantially parallel planes, and the method fur- 
ther comprises the step of asymmetrically etching the so 
beam such that, in use, it has a tendency to bend in a 
direction having components both parallel and perpen- 
dicular to the parallel planes. 
[0009] The method may further comprise the step 
of forming a n-type epitaxial layer over the buried con- 55 
ductors to protect the conductors from the anodic bond- 
ing. 

[0010] The substrate is preferably a n-type single 



crystal silicon substrate. 

[0011] Preferably, the buried conductors are fabri- 
cated by the steps of: 

applying a photoresist mask to a surface of the sub- 
strate; 

implanting ions into the substrate at gaps in the 
photoresist mask; 

diffusing the ions into the substrate. 

[0012] P-type contacts to the buried conductors 
may be provided by the steps of: 

applying a photoresist mask to a surface of the sub- 
strate; 

implanting ions into the substrate at gaps in the 
photoresist mask; 

diffusing the ions into the substrate. 

[0013] Preferably the anodic bonding step further 
comprises providing a passivation layer on the sub- 
strate. 

[0014] The method may further comprise the step 
of aligning the substrate and the first glass plate such 
that the fist and second electrodes form one or more 
capacitors. 

[0015] One example of the present invention will 
now be described with reference to the accompanying 
drawings, in which: 

Figure 1 is a schematic plan view of a device fabri- 
cated according to the process of the present 
invention; 

Figure 2 is a schematic cross-section of a silicon 
wafer after a first step in the process of the inven- 
tion; 

Figure 3 is a schematic cross-section of the wafer of 

figure 2 after a second process step; 

Figure 4 is a schematic cross-section of the wafer of 

figure 3 after a third process step; 

Figure 5 is a schematic cross-section of a wafer 

according to figure 4 after a fourth process" step; 

Figure 6 is a schematic cross-section of the wafer of 

figure 5 after a fifth process step; 

Figure 7 is a schematic cross-section of the wafer of 

figure 6 after a sixth process step; 

Figure 8 is a schematic cross-section of the silicon 

wafer of figure 7 after a seventh process step; 

Figure 9 is a schematic cross-section of the silicon 

wafer of figure 8 after an eighth process step; 

Figure 10 is a schematic cross-section of the wafer 

of figure 9 after a ninth process step; 

Figure 11 is a schematic cross-section of the wafer 

of figure 10 after a tenth process step; 

Figure 12 is a schematic cross-section of the wafer 

of figure 11 after an eleventh process step; 

Figure 13 is a schematic cross-section of a top 

glass wafer formed during a twelfth process step; 
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Figure 14 is a schematic cross-section of the wafer 
of figure 1 2 and sheet of figure 1 3 after a thirteenth 
process step; 

Figure 15 is a schematic cross-section of the 
arrangement of figure 14 after a fifteenth process 
step. 

[001 6] An angular rate sensor 1 is fabricated using 
bulk silicon micromachining. The sensor 1 comprises 
two silicon masses 20 joined by a support beam, in this 
example, substantially in the plane of the substrate. The 
masses 20 and beam are arranged to have a tendency 
to bend in a direction that is neither perpendicular nor 
parallel to the plane of a substrate 3. 
[001 7] Thus, when electrostatic excitation is applied 
to the masses 20 in a direction perpendicular to plane of 
the substrate 3, the masses 20 vibrate substantially par- 
allel to plane of the substrate 3. This results in the 
masses 20 experiencing a relatively large gyroscopic 
moment when the sensor is subject to rotation in the 
plane of the substrate 3. Rotation induced by the gyro- 
scopic moment is therefore relatively large compared to 
prior art devices, which have different geometries, and a 
capacitive change caused by the rotation can be more 
easily detected. 

[0018] The excitation generally occurs at a reso- 
nant frequency for the intended movement, which is typ- 
ically in the range 4-10 kHz. The silicon masses 20 and 
their support structure are sealed between two, top and 
bottom, glass plates 18,19. The top glass plate 18 is 
provided with a metal pattern defining capacitor elec- 
trodes 21 for detecting the vibrations. The detection 
vibration is an out of plane angular vtoration which is 
detected capacitively between the electrodes 21 on the 
top glass plate 18, shown in Figure 13, and the masses 
20. 

[0019] Angular rate sensors may have various 
geometries and designs and, referring to figure 1, an 
example of an angular rate sensor 1 has the geometry 
and design schematically shown. 
[0020] The first step in the fabrication process 
(process step 1 is to define a recess 2 on a front surface 
4 of a silicon wafer 3 which serves as an air gap for a 
number of sensing capacitors and requisite spacing in 
press contact and wire bond pad areas. A first photore- 
sist mask layer is applied to the silicon wafer 3, which is 
then treated by reactive ion etching (R1E to form a 
recess having a depth of a few *im depth. Figure 2 illus- 
trates a schematic cross section of the silicon wafer 3 
after process step 1 , along line AB shown in figure 1 . 
[0021 ] It can be appreciated that a recess depth of. 
for example. 2 pm, in combination with capacitor elec- 
trodes having a thickness of 1 ^m, results in a nominal 
capacitor gap of 1 *im. Of course, a gap of a different 
dimension may be required. 

[0022] Process step 2 is to define the thickness of 
the masses 20, the springs, a thin support pedestal, and 
a n-well which isolates p-type buried conductors formed 



4 

later. The masses 20 are defined by an implant of phos- 
phorous which is deeply diffused to obtain the correct 
thickness. Typical thickness may be in the range 10-20 
[im. The p-n junction formed by this phosphorous d'rffu- 

5 sion and the p-type substrate is reverse biased during a 
subsequent wet etching process, thus electrochemically 
forming the thickness of the masses 20. 
[0023] Silicon oxide is grown thermally and pat- 
terned using standard photolithography and a second 

10 mask layer. The silicon oxide is patterned by etching in 
a HF based solution and is used as mask for the implan- 
tation process. Phosphorous is implanted on the front 
surface 4. and the rear surface 5 is implanted with boron 
to reduce the series resistance of the wafer 3. Phospho- 
rs rous is diffused to a specified thickness, and the oxide is 
re-oxidised to create a shallow recess in the silicon 
wafer 3 for pattern recognition. 
[0024] The final step in this sequence is to etch off 
the silicon oxide on the front surface 4 of the wafer 3. 

20 The oxide on the rear side 5 of the wafer 3 is not etched 
as it is used as mechanical protection for subsequent 
processing. A simplified schematic cross section after 
this process step is shown in figure 3. 
[0025] Process step 3 is to provide p-type conduc- 

25 tors 7 to connect wire bond pads with their correspond- 
ing electrodes via the press contacts obtained after a 
later anodic bonding step. The p-type diffusion pattern 
is defined by a third photoresist mask layer and the con- 
ductors 7 are provided by boron implantation followed 

30 by thermal diffusion. Implantation is performed, and the 
photoresist is stripped. Boron is then diffused to the 
specified thickness. Finally, the oxide on the front side of 
the wafer is etched in buffered HF. A schematic cross 
section of the silicon wafer 3 after process step 3 is 

35 shown in figure 4. 

[0026] Process step 4 is to grow an n-type epitaxial 
layer 8 on front surface 4 of the silicon wafer 3 in order 
to bury the conductors 7. A single crystal n-type silicon 
layer 8 is grown epitaxially on the entire front surface 4 

40 of the wafer 3. A schematic cross section of the wafer 
after process step 4 is shown in figure 5. 
[0027] It should be noted that this epitaxial layer 
adds to the thickness of the mass and the spring ele- 
ments. The thickness of the springs as well as the 

45 masses are defined by the diffusion in process step 2 
and the thickness of the epitaxial layer. 
[0028] Process step 5 is to etch a portion of the 
springs in order to attain an asymmetric spring cross 
section. An indentation 10 in the upper surface of the 

so asymmetric springs is provided by a wet etch or a dry 
etch as seen in the diagrams). This alters the rigidity of 
the springs to provide a weakness at a certain angle to 
the major plane of the springs. This angle is typically 4 
degrees. 

55 [0029] First, a masking oxide layer 9 is grown ther- 
mally. This oxide is patterned on the front surface 4 by 
using a fourth mask layer. The wet etch or a dry etch is 
then performed using an anisotropic etch process to 
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provide the indentation 10. A schematic cross section of 
the wafer 2 after process step 5 is shown in figure 6. 
[0030] Process step 6 is to provide electrical con- 
nection to the buried conductors 7 through the epitaxial 
layer 8. Contacts 13 are fabricated by boron implanta- 5 
tion, with photoresist as masking material which is pat- 
terned using a fifth mask layer. The implantation is 
typically performed through a thin silicon oxide layer 1 1 . 
After the implantation, the photoresist is stripped. Boron 
is then diffused to the specified thickness, in order to io 
contact the buried p-type conductors. A schematic 
cross section of the wafer 3 after this process step 6 is 
shown in figure 7. 

[0031] Process step 7 is to reduce the contact 
resistance io the n-type epitaxial layer 8, improve the 15 
electrical metal contact to the n-type regions, and 
improve the electrochemical etch stop process. 
[0032] A shallow phosphorous implantation layer 1 4 
is provided using a sixth photoresist mask. After the 
implantation, the photoresist is stripped and the n+ 20 
implanted layer 14 is annealed. A schematic cross sec- 
tion of the wafer 3 after this process step 7 is shown in 
figure 8. 

[0033] Process step 8 is to make contact holes 15 
for the metal contacts 13. Contact holes 15 are defined 25 
using a seventh photoresist and silicon oxide mask layer 
which is etched in a HF based solution. A schematic 
cross section of the wafer 3 after this process step 8 is 
shown in figure 9. 

[0034] Process step 9 is to deposit and pattern 30 
metal for connections and to ensure an ohmic contact to 
both the p-type and n-type diffusion layers. A high purity 
aluminium layer 16 is vacuum deposited in the contact 
holes 15. Photoresist is used to pattern the aluminium, 
using an eighth masking layer. The aluminium is etched 35 
by a wet etching process. A schematic cross section of 
the wafer 3 after this process step 9 is shown in figure 
10. 

[0035] Process step 1 0 is to pattern the rear surface 
5 with silicon oxide which is used as a mask for the wet 40 
etching of silicon and to perform the etching in order to 
obtain membranes (in the thickness of the mass diffu- 
sion) and thin pedestals. 

[0036] Silicon is etched from the rear surface 5 by 
anisotropic etching. The thickness of the masses and 45 
the springs is controlled by means of an electrochemicai 
passivation technique. The etch stop is achieved by 
applying a reverse bias on the p-n junctions between 
the p-type substrate and the n-type epitaxial layer or n- 
type well. 50 
[0037] The rear surface oxide definition is provided 
by a ninth mask layer. Photoresist is used as pattern 
definition for the oxide, which is subsequently etched by 
RIE or by wet etching in a HF based solution. The pho- 
toresist is removed prior to the wet etching of the bulk 55 
silicon. 

[0038] The thickness of the spring elements, 
masses and the thin pedestals will typically be in the 



range of 12-30 urn, including the epitaxial layer thick- 
ness. A schematic cross section of the wafer 3 after this 
process step 10 is shown in figure 1 1 . 
[0039] Process step 11 starts by removing the 
oxide in the anodic bonding areas and on the free mass 
and spring structures. 

[0040] Later triple-stack anodic bonding in process 
step 13 consists of bonding glass to bare silicon or the 
thin oxide on both sides of the silicon wafer 3. The pas- 
sivation silicon oxide layer is therefore removed from the 
glass attachment areas. The pattern of this area is 
defined by a tenth photoresist mask layer. Oxide is 
etched in HF based solution. 
[0041] Process step 11 proceeds by releasing the 
masses and the spring elements of the sensor and 
exposing the wire bond pad areas by perforating the 
membranes. The masses and the springs are released 
by perforating the membrane with RIE. The etching area 
is defined by an eleventh photoresist mask. After etch- 
ing, the resist is stripped. 

[0042] It should be noted that the masses and the 
springs all have the same thickness, defined by the sum 
of the mass diffusion and the epitaxial layer 8. A sche- 
matic cross section of the wafer 3 after this process step 
11 is shown in figure 12. 

[0043] Process step 12 is to deposit a pattern on 
the top glass plate 18 for the metal for wire bond pads, 
connections, the electrodes 21 of the detection capaci- 
tors and excitation elements. 
[0044] First, a thin adhesion layer of a suitable 
material is deposited. Thereafter, high purity aluminium 
is vacuum deposited on the top glass plate 18. Photore- 
sist is used to pattern the aluminium, using a twelfth 
masking layer. The aluminium is etched. A schematic 
cross section of the top glass plate 1 8 after this process 
step 12 is shown in figure 13. 
[0045] Process step 1 3 is to provide the sensor gap, 
the press contacts and to hermetically seal the mechan- 
ical structure cavity. 

[0046] Triple-stack anodic bonding is used to seal 
the silicon wafer between the top glass plate 18 and a 
bottom glass plate 19 to obtain a mechanically rigid 
structure, and a low pressure (vacuum) atmosphere for 
the sensor. The sawing steps required to free the wire 
bond pads areas are performed after the anodic bond- 
ing. The silicon wafer 3 is placed between the two glass 
plates 18,19, and the patterned top glass plate 18 is 
aligned and bonded to the silicon wafer by use of an 
aligner bonder equipment. The two glass-silicon junc- 
tions are anodically bonded simultaneously. A sche- 
matic cross section of the device after this process step 
13 is shown in figure 14. 

[0047] Process step 1 4 is to release and expose the 
wire bond pads. The wire bond pads are released and 
exposed by sawing along bottom glass scribe lines. 
Finally, process step 15 is to release the sensor dies. 
The sensor dies are released by sawing along the bot- 
tom glass scribe lines. A schematic cross section of the 



4 



<EP 0994330A1J_> 



7 



EP 0 994 330 A1 



8 



device after this process step 15 is shown in figure 15. 
[0048] In an alternative example, the recesses, 
formed in the silicon substrate 3 in the first step of the 
process described above, are formed in the glass plate 
18. Various thicknesses for the mass and spring ele- 5 
ments may also be selected. 
[0049] The rotation caused by a gyroscopic 
moment may alternatively be detected by peizo-electric 
means. Although the capacitor electrodes would not, 
therefore, be required, many of the above steps remain 10 
the same. In particular, anodic bonding and the prepar- 
atory steps before the bonding are used. 
[0050] Generally, the above method of manufacture 
requires far fewer steps than prior art processes, mak- 
ing manufacture simpler and cheaper. Also, low capaci- 
tance connections are provided from inside the cavity to 
the outside through the buried conductors. This avoids 
the need for a more expensive silicon on insulator sub- 
strate and minimises parasitic capacitance. 

Claims 

1 . A method of manufacturing an angular-rate sensor 
comprising the steps of: 

fabricating components of the angular-rate 
sensor on a silicon substrate, the components 
including one or more masses, a support beam 
and buried conductors; 
providing detection means; and 
sealing the components in a cavity between a 
first glass plate and a second glass plate by 
anodic bonding. 



substrate; 

implanting ions into the substrate at gaps in the 

photoresist mask; 

diffusing the ions into the substrate. 

7. The method of any of claims 1 to 6, wherein p-type 
contacts to the buried conductors are provided by 
the steps of 

applying a photoresist mask to a surface of the 
substrate; 

implanting ions into the substrate at gaps in the 

photoresist mask; 

diffusing the ions into the substrate. 

8. The method of any of claims 1 to 7, wherein the 
anodic bonding step further comprises providing a 
passivation layer on the substrate. 

9. The method of claim 8, wherein the method further 
comprises the step of removing the passivation 
layer in the contact area of the top glass plate and 
the substrate. 

10. The method of any of claims 1 to 9, further compris- 
ing the step of aligning the substrate and the first 
glass plate such that the f ist and second electrodes 
form one or more capacitors. 

11. The method of any of claims 1 to 10, wherein the 
substrate is a silicon on insulator substrate. 



20 
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2. The method of claim 1, wherein the detection 35 
means are electrodes formed by metal deposition 

on the first glass plate. 

3. The method of claim 1 or claim 2, wherein the 
masses, beam and substrate are in substantially *o 
parallel planes, further comprising the step of 
asymmetrically etching the beam such that, in use, 

it has a tendency to bend in a direction having com- 
ponents both parallel and perpendicular to the par- 
allel planes. 45 

4. The method of any of claims 1 to 3, further compris- 
ing the step of forming a n-type epitaxial layer over 
the buried conductors to protect the conductors 
from the anodic bonding. 50 

5. The method of any of claims 1 to 4, wherein the 
substrate is a n-type single crystal silicon substrate. 



6. The method of any of claims 1 to 5, wherein the bur- 55 
ied conductors are fabricated by the steps of: 



applying a photoresist mask to a surface of the 
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Figure 3- Schematic cross section after process step 2, along line AB shown in figure 1 




Figure 4- Schematic cross section after process step 3, along line AB shown in figure 1 . 




Figure 5- Schematic cross section after process step 4, along line AB shown in figure 1 . 




Figure 6- Schematic cross section after process step 5, along line AB shown in figure 1 . 



7 



500CID: <EP 0994330A1_I_> 



EP0 994 330A1 




Figure 7- Schematic cross section after process step 6, along line AB shown in figure 1 . 




Figure 8- Schematic cross section after process step 7, along line AB shown in figure 1 . 




Figure 9- Schematic cross section after process step 8, along line AB shown in figure 1 . 
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Figure 10- Schematic cross section after process step 9, along line AB shown in figure 1 . 




Figure 11- Schematic cross section after process step 1 0, along line AB shown in figure 1 . 




Figure 12- Schematic cross section after process step 1 1 , along line AB shown in figure 1 . 
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Figure 14- Schematic cross section after process step 13, along line AB shown in figure 1. 
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